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Atomic Force Microscopy Study of Anodic Etching
of Aluminum
Etching Morphology Development and Caustic Pretreatment
Thierry Martina,* and Kurt R. Hebert**,z
Department of Chemical Engineering, Iowa State University, Ames, Iowa 50011, USA
Atomic force microscopy ~AFM! was used to investigate the topographic characteristics of pitting sites during anodic galvano-
static etching of high-purity aluminum foils in hot baths containing HCl and H2SO4. Pit sites near pre-existing ridges formed by
rolling are preferred, and the distribution of sites depends on the foil fabrication process. Etch tunnels are found only within
shallow pits formed by surface dissolution, which may be a prerequisite for tunnel formation. Pit sites are more numerous and
evenly distributed after pretreatment of foils by immersion in 1 N NaOH. AFM imaging during acid dissolution of NaOH treated
foils reveal submicrometer cavities formed as a result of NaOH treatment. Some cavities appear to form near oxide particles or
inclusions. It is argued that these cavities are subsurface voids exposed by uniform dissolution in the acid. If the void surface is
oxide-free, they may dissolve as pits when exposed by the shallow surface dissolution shown to take place in the etchant bath.
© 2001 The Electrochemical Society. @DOI: 10.1149/1.1341242# All rights reserved.
Manuscript submitted March 28, 2000; revised manuscript received September 8, 2000.
In the manufacture of aluminum electrolytic capacitors, high-
purity aluminum foils are anodically etched so as to develop a high
surface area. DC etching, used for high-voltage capacitors, is typi-
cally carried out in hot chloride ion-containing solutions under con-
stant applied current or voltage, and results in the formation of a
large number density ~as high as 108/cm2) of micrometer-wide cor-
rosion tunnels which follow the ^100& crystallographic directions in
the metal.1,2 For the purpose of maximizing the capacitance gain, the
tunnels should be evenly distributed along the surface. Hence, there
is significant interest in understanding the nature of pit precursor
sites, for the ultimate purpose of engineering their distribution.
While capacitor foils typically contain only on the order of 100
ppm of impurities, the concentrations of impurities are in some
cases elevated near the metal surface, and the tunnel site distribution
is thought to be influenced by the surface concentrations of certain
impurities.3-6 Bulk concentrations of certain impurities ~e.g., Cu and
Pb! are carefully controlled during foil processing.5 Apart from the
surface concentrations of impurities, the grain size and microstruc-
ture of the aluminum foil ~especially the ‘‘cubicity,’’ i.e., the pro-
portion of surface grains having ~100! orientation! influence the etch
morphology, as does the uniformity of the surface oxide layer.2,7
The surface etch site distribution can also be controlled by surface
pretreatments such as chemical etching in sodium hydroxide or
phosphoric acid solutions, whose effects are not well understood.8
In the present work, atomic force microscopy ~AFM! is used to
characterize the development of the surface morphology of high-
purity aluminum foils during galvanostatic etching. The high surface
topographic sensitivity of AFM allows etching sites to be effectively
related to microtopographic features on the foils. However, AFM
sacrifices knowledge of the three-dimensional geometry of etch
structures, which is available through scanning electron microscopy
~SEM! replication techniques.9 The first part of this paper describes
experiments in which two foils with different impurity contents are
etched and the development of etching sites characterized. Mixed
etchant baths consisting of sulfuric and hydrochloric acids are em-
ployed, as consistent with current industrial practice.10-12 The devel-
opment of tunnel morphology in these baths was previously studied
by Hibino et al. using SEM,12 while Scherer et al. used AFM to
characterize the evolution of surface morphology during etching.10
Since these earlier papers used different high-purity aluminum foils
from those in the present work, comparison of the three investiga-
tions demonstrates which aspects of morphology development are
general features of the etching process and which ones are foil-
specific. The second part of the paper focuses on the caustic etching
pretreatment which is used to enhance the number of tunnels formed
during anodic etching. In situ AFM imaging is carried out during
immersion of NaOH-treated foils in HCl and H2SO4 solutions. It is
shown that the caustic pretreatment produces a defective subsurface
layer near the metal-oxide interface.
Experimental
Aluminum samples used for etching were 100 mm thick annealed
high-cubicity foils with grain size on the order of 100 mm. All
anodic etching experiments employed two 99.99% purity foils from
one supplier ~Pechiney Corp.!. The foil denoted S in this paper had
been fabricated from metal purified with a segregation process, in
which the metal is separated from a liquid enriched in eutectic
impurities.13 The one referred to as T was purified using the ‘‘three-
layer’’ or Gadeau electrolytic process.13 After solidification, all sub-
sequent rolling and annealing steps used in the processing of both
foils were identical. The foil compositions reported by manufacturer
are given in Table I. The S foil has significantly larger concentra-
tions of Zn and Ga impurities compared to the T, while those of the
other major impurities ~Si, Fe, Cu, Mg! are similar between the two
foils.
In the first part of this work, etching was carried out with no
pretreatment of the foils. Since these experiments focused on the
differences between T and S foils, it was important to preserve the
surface in its initial condition. Typical pretreatments involve metal
dissolution, which can change the composition of the foil surface,8
introduce surface defects,14 and, as already mentioned, influence the
number and distribution of etch pits. The use of these treatments
would have introduced complicating effects which might have ob-
scured the differences between the two foil types. The prior AFM
study by Scherer et al., in which no pretreatments were used, dem-
onstrated clear trends in many aspects of surface morphology devel-
opment with etching time.10 This shows that pretreatments are not
necessary to ensure a reproducible etched surface topography. In
addition, Auger electron spectra of as-received foils revealed carbon
surface contamination at a level too low to suggest the presence of
oils or other organic material. Thus, degreasing of the foils before
etching was not required. In the second part of this paper, which
concerns the effect of NaOH pretreatment on pit initiation during
etching, foils were treated by immersion in 1 N NaOH for 20 s at
room temperature.
Etching was carried out in a solution of 6 N H2SO4 and 1 N HCl
at 90°C. Etching baths and pretreatment solutions were prepared
using reagent grade chemicals. Galvanostatic polarization at the ap-
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plied current density of 0.30 A/cm2 was carried out using a
potentiostat/galvanostat ~EG&G PAR 273!. A Ag/AgCl/4 N KCl
reference electrode was used, along with a Pt wire counter electrode
in the form of a semicircular hoop. Potentials reported here are with
respect to this reference. The aluminum foil was clamped into a
glass holder which exposed 5 cm2 surface area to the etchant on one
side of the holder, onto which the counter electrode was fixed in
position. This electrode arrangement provided a macroscopically
uniform distribution of etching sites, and a reproducible cell ohmic
resistance. AFM imaging was carried out in contact mode ~Digital
Instruments Nanoscope III!, using a 14 mm scanner along with Si
cantilevers and a silicon nitride tip ~Digital Instruments model NP!.
Each image was composed of 256 pixels in each direction in the
plane of the surface. Some etched foils were also imaged using
scanning electron microscopy ~SEM, JEOL 840A!.
For in situ AFM observation during dissolution, T foils were
immersed in either 1 M H2SO4 or 1 N HCl at open circuit, using the
fluid cell of the AFM system. Images were compiled continuously
during dissolution. Images were obtained at a rate of 1.5 per min.
The scan time per line in the fast scan direction was smaller than 0.1
s. Using the photodiode set point voltage of 4.60 V, and the canti-
lever spring constant of 0.06 N/m, the applied force is estimated to
be 1.5 nN. This force is much smaller than the applied force for
which tip-induced dissolution of aluminum during scanning has
been reported.15,16 After the series of in situ images during dissolu-
tion had been acquired, a final image was taken with an increased
scan area. This image did not reveal enhanced dissolution on the
area which had been repeatedly scanned.
Compositional analysis of surfaces of foils pretreated in NaOH
was carried using Auger electron spectroscopy ~AES!. The main
purpose of AES was to identify the roughly 100 nm wide particles
found on the foil surface after NaOH treatment. The sample ana-
lyzed by AES was a 99.99% pure foil from a different manufacturer
~provided by KDK Corporation!, and was used because the particles
were more numerous compared to the other foils used here. This foil
is designated foil A. Point analyses at particles were compared to
those at locations away from particles, both before and after Ar ion
etching to remove part of the surface oxide layer. The Auger system
~JEOL 7830F! used a 15 kV electron beam at a current ranging from
5.2 to 5.6 nA. The electron beam was produced by a field emission
source, and its size was no greater than 20 nm. Spectra were mea-
sured in the region of the Al KLL transition at about 1384 eV,
including both metallic and oxidized Al contributions, and around
the O KLL transition at 503 eV ~energies relative to vacuum level!.
The energy step size was 1 eV. Derivative spectra were calculated
using a 17-point Savitzky-Golay differentiation formula, and the
atomic ratio of oxygen to aluminum, RO-Al , was determined from
the relation
RO-Al 5
~p 2 p !OtAlRSFAl
~p 2 p !AltORSFO
where p 2 p is the peak-to-peak height in the derivative spectrum,
t is the collection time, and RSF is the sensitivity factor. RSF values
provided by instrument manufacturer for the beam energy of 15 keV
~0.262 for Al and 0.277 for O! were used. The collection time
ranged from 50 to 91 ms. Spectra were acquired before ion etching
and after 5 and 10 min etching. The Ar ion beam voltage was 1 kV,
for which the equivalent etch rate of SiO2 is 0.05 nm/s. Since the
SiO2 etch rate is approximately three times that of Al2O3,17 the
depth of Al2O3 removed by 5 min etching is roughly 5 nm.
Results and Discussion
Foil surface topography.—The microscopic topography of as-
received high-purity annealed aluminum foils is characterized by
parallel ridges along the rolling direction ~Fig. 1a and b!. The main
ridges on T foils are more than 1 mm high, while the heights of
those on S foils are a few hundred nanometers. On both foils, the
ridges are usually about 10 mm apart. Scherer et al. also found
ridges on their foils, for which the typical height of 0.5 mm and
spacings of 5-20 mm are comparable to those of the present foils.10
The smaller scale features on the T and S foils are shown in the 1
mm illuminated view images in Fig. 1c and d, in which the larger-
scale roughness has been removed by a type of high-pass filter.
These images show that both foils are covered with small ridges
between and running parallel to the main ridges on both foils. The
‘‘platelets’’ making up the texture of these small ridges are possibly
caused by thermal faceting during annealing. The ridge and platelet
texture is smaller-scale on the T foils compared to the S foils. Both
foils contain a number of roughly circular ‘‘hills’’ about 100 nm in
diameter and 5-10 nm high, which project upward from the small
ridges. Scherer’s micrometer-scale images also revealed textured
small ridges with superimposed hills.10 The images in Fig. 1 dem-
onstrate that the T and S foils have a different surface microstructure
which may or may not be related to their differing impurity content.
Thus, caution must be exercised in attributing any differences in
etching behavior between the two foils to chemical factors related to
impurities. In the following, the term ridge is used to describe the
larger ridges as in Fig. 1a and b, and the areas between these ridges
are referred to as valleys.
Anodic etching of as-received foils.—Potential transients during
etching ~Fig. 2! have a similar peaked shape as those reported by
Wiersma and Hebert18 and Osawa et al.19 for galvanostatic etching
in HCl solutions and by Flis and Kowalczyk11 for acidic
NaCl/Na2SO4 baths; the potential at first rises sharply to a maximum
Figure 1. AFM images of as-received T and S foils. ~a! 15 mm top view
image of T foil with maximum height contrast of 2.0 mm between light
~high! and dark ~low! tones. ~b! 15 mm top view image of S foil with 400 nm
maximum height contrast. ~c! 1 mm illuminate view image of T foil. ~d! 1
mm illuminate view image of S foil.
Table I. Impurity concentration in aluminum foil samples in wt
ppm.
Si Fe Cu Mg Zn Ga V
T 13 9 42 8 1 1 1
S 11 11 45 11 7 5 2
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of 3-4 V at about 100 ms, and then falls abruptly to a constant value
reached at a time less than 150 ms. This constant potential, which is
close to the repassivation potential of aluminum,20 is then main-
tained during the remainder of the etching period. The maximum
potential and time elapsed during the peak are both greater for T
than S foil. Potential peaks are frequently found during the initial
moments of galvanostatic etching because the capacitive charging
current is an important current source during the period before a
sufficient number of pits have formed to supply the current through
faradaic processes. The time elapsed during the peak is inversely
related to the pit nucleation rate; thus, Fig. 2 would suggest a some-
what larger nucleation rate on S foil compared to T foil.
The evolution of surface topography on T foils is depicted in the
sequence of ex situ AFM images in Fig. 3. During the first 50 ms of
etching, while the potential increases to its maximum, small pits of
the order 100 nm in width appear on the ridges ~Fig. 3a!. At 100 ms,
at the beginning of the constant potential period, the widths of the
pits on ridges have increased to about 1 mm, while additional
smaller pits of width about 100 nm are found in the valleys between
the ridges ~Fig. 3b!. Most of these small pits in valleys cannot be
clearly seen due to the 15 mm image scale, but they are more nu-
merous than those on ridges. At longer etching times, the ridge pits
increase to several micrometers in width, and the valley pits also
grow ~Fig. 3c and d!. However, no additional small pits similar in
size to those in Fig. 3a and b may be seen. Also, comparison of
several 15 images up to 5 s does not show a clear increase after 100
ms of the overall number density of ridge or valley pits. These
observations suggest that nucleation of new pits is significantly
faster during the potential peak, compared to later times. Wiersma
and Hebert, who reported measurements of pit number density vs.
etching time, also found rapid pit formation during the potential
peak.18 The nucleation of pits on these sites only at high potentials
suggests that an anodic electrochemical process may be involved in
nucleation.
At longer etching times of 10 and 30 s ~Fig. 3e and f! the pits
eventually merge to form a connected and highly roughened surface
topography. Tunnel openings within surface pits are suggested by
small dark areas inside pits in AFM images. These tunnel entrances
are confirmed by SEM, as demonstrated in Fig. 4. The SEM image,
owing to its increased depth of field compared to AFM, reveals
tunnel openings, as well as subsurface tunnels emanating from the
large pit and growing parallel to the surface. The lengths of these
tunnels are close to 6 mm, the length expected from the dissolution
velocity of 6.0 mm/s reported earlier at the temperature of 90°C.21
The term surface pit is used here to describe the large, shallow pits
most evident in AFM images, as distinct from the smaller, deeply
penetrating etch tunnels. In the present experiments, tunnel or etch
pit nucleation occurs only within the surface pits. Tunnel and etch
pit formation is not confined to the time of the potential peak but
continues during the entire etching period. Continuous tunnel for-
mation during etching has been observed by Hibino12 and Goad21
for mixed HCl-H2SO4 etchants.
AFM images of S foils after etching ~Fig. 5! reveal significantly
different surface topography evolution compared to T foils. At 100
ms ~Fig. 5a!, a time near the end of the potential peak, 1-2 mm pits
on ridges are found, similar to those on the T foils at the same time;
however, unlike T foils, there are no pits in the valleys between
ridges. During continued etching for 1 and 5 s ~Fig. 5b and c!, these
ridge pits continue to increase in width, but as with T foils there
appears to be no significant nucleation of new surface pits. These
images also suggest the presence of small etch pits and tunnels
within the larger surface pits, as is also the case for T foils. At 30 s
~Fig. 5d!, the surface pits have grown significantly in width to form
a connected network similar to Fig. 3f. The topography development
of the two foils shares the characteristic that surface pits form pre-
dominantly during the potential peak, but continue to grow laterally
during the constant potential period. It differs in that surface pits on
Figure 2. Potential transients during etching.
Figure 3. Top view AFM images showing surface topography development
during etching of T foil. Maximum height contrast: ~a! 700 nm, ~b! 700 nm,
~c! 1 mm, ~d! 1 mm, ~e! 1mm, ~f! 1.5 mm.
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S foils nucleate exclusively on ridges, while those on T foils form
on both ridges and valleys. Despite the similar topography of the
two foil types after 30 s, their internal etched geometry may be
somewhat different because of the significant differences in how the
etch morphology evolves with time.
The preferential nucleation of pits on ridges may be caused by
two classes of factors. The first includes mechanisms directly related
to local geometry, such as diffusion flux or curvature-dependent
strain energy in the surface film. In the second category, ridge nucle-
ation would be enhanced by structural or compositional features of
the metal or oxide film on ridges, for example, segregation of im-
purities to ridges, or defects in the film or at the film-metal
interface.22,23 Since only the geometric mechanisms would be sen-
sitive to the surface curvature at the pit site, the location of pits on
the ridges was noted on T foils. In a population of 67 pits, 33% were
located on the base of the ridge, 36% on the ridge top, and 32% on
the side of the ridge. Evidently then, only the proximity of the pit to
the ridge is important for nucleation, as opposed to the local geom-
etry of the initiation site. This result would argue for the role of
solid-state defects in promoting ridge nucleation, and against diffu-
sion or other curvature-dependent effects. The pit sites may be re-
lated in some way to impurities, as is suggested by the different
impurity contents of the two foils, the typical concentration of im-
purities to ridges, and the importance of ridge proximity but not
local geometry. However, the direct chemical participation of impu-
rity species in pit initiation cannot necessarily be inferred, since as
Fig. 1 implies, the foils differ not only in chemical composition but
also in surface microstructure.
The lateral growth of surface pits on the two foils is compared
quantitatively in Fig. 6. The pit width represents the average of a
pit’s longest and shortest lateral dimension. Each plotted point is an
average of the widths of about 20 pits, with the error bars signifying
90% confidence intervals. The widths of both ridge and valley pits
on the T foils are shown separately, along with those of ridge pits on
the S foils. Because of the fairly large error bars of the ridge pit
widths, it is not certain whether their growth rate is constant or
decreases with time. However, the figure shows that the time-
averaged growth rate of ridge pits is approximately 0.6 mm/s on
both foil types. Valley pits on the T foils grow appreciably more
slowly compared to the ridge pits, at an average rate of 0.1 mm/s. By
contrast, the dissolution velocity of etch tunnels for these etching
conditions is about 6 mm/s.21,24 Thus, different metal dissolution
processes are likely to be responsible for etch tunnel growth vs.
spreading of surface pits. The distinct growth rates of surface pits in
ridges and valleys suggest that their lateral dissolution along the
surface may be controlled by factors related to the surface micro-
structure or composition which are different in the two areas. If, for
example, the oxide film is more defective on ridges, this would
suggest an explanation for both the differing nucleation behavior
and lateral dissolution rates of ridges and valleys.
A number of features of morphology development noted above
are in common with those in the prior work of Hibino et al. and
Figure 4. SEM image of as-received T foil after etching 1 s.
Figure 5. Top view AFM images showing surface topography development
during etching of S foil. Etching times and maximum contrast are ~a! 100
ms, 1 mm; ~b! 1 s, 1 mm; ~c! 10 s, 1 mm; and ~d! 30 s, 1.5 mm.
Figure 6. Mean widths of surface pits on T and S foils as a function of
etching time. Closed squares represent ridge pits on T foils, open squares
ridge pits on S foils, and closed circles valley pits on T foils. Error bars
represent 90% confidence intervals. Points and error bars are based on an
average of 14 pits per experiment.
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Scherer et al.10,12 Scherer observed that surface pits nucleate only
on ridges during the first few seconds of etching at 0.1 A/cm2 in
1 N HCl/3 N H2SO4 bath at 80°C.12 The widths of these pits, about
1 mm at 2 s and 5 mm at 10 s, are comparable to those in Fig. 6.
Scherer also concurred with the present observations that ridge pits
were located both on top or near the base of ridges, and that since
their number density did not seem to increase during etching, they
apparently nucleated soon after application of etching current. Ridge
pit nucleation was not identified with the time of the potential peak,
however, since no potential measurements or AFM images were
reported during the first 100 ms. Scherer found that at etching times
of 5-10 s, additional isolated submicrometer etch pits nucleated
away from the larger ridge pits. Since no such etch pits were found
in the present work at comparable times, the etching sites at which
they formed may be specific to the foils used by Scherer. At larger
etching times, Scherer also observed that a connected network of
surface pits gradually covered the foil surface, similar in appearance
to that in Fig. 3 and 5 at 30 s. This dissolution morphology devel-
oped at a somewhat longer time of 40-60 s in their work, possibly
because a smaller etching current density was used. The images
presented by Scherer did not demonstrate the existence of tunnel
openings within surface pits, as shown in Fig. 4. However, the main
aspects of surface morphology development noted by Scherer and in
this paper are in agreement: formation of surface pits on ridges at
early times, the subsequent lateral growth of these pits, and the
eventual appearance of an interconnected network of dissolved area.
All foils seem to display these characteristics, but different foils
have varied tendencies toward pit nucleation in the valleys between
ridges.
The SEM study of Hibino showed that additions of H2SO4 to a 1
N HCl etchant bath strongly promote shallow dissolution over the
foil surface, during etching at 90°C and 0.2 A/cm2.12 This dissolu-
tion corresponds to that in Fig. 3f and 5d. In HCl alone, Hibino
showed that tunnels form only in the first 2 s of etching, while in
mixed baths, new tunnels continue to appear during the entire etch-
ing period of up to 30 s. At early etch times, tunnels in mixed
etchants are grouped in clusters, while those in HCl are spread more
uniformly across the surface. At later etch times, however, tunnel
sites in the mixed baths are increasingly scattered compared to HCl
baths. These observations suggest that the increased dispersion of
tunnel sites on the foil surface with time is correlated with the
spreading of shallow surface dissolution, as observed by Scherer and
in this paper. Scherer explained this relationship by proposing that
tunnel growth generates local solution composition changes which
cause the surface around tunnels to dissolve. However, similar local
composition changes would also be expected in HCl baths, in which
surface dissolution is much less extensive. Also, the AFM images in
this work at later etch times ~e.g., Fig. 3f and 5d! show areas where
tunnels are not found inside surface pits. Thus, the causal link be-
tween tunnels and surface pits may be the reverse of Scherer’s sug-
gestion, i.e., that surface dissolution somehow generates etch pits
and tunnels. The mechanism of this process is discussed further
below.
Anodic etching of sodium hydroxide treated foil.—Significant ef-
fects on etch topography development are found due to pretreatment
of T foils in NaOH by 20 s immersion at open circuit. The potential
transient during etching of T foil after NaOH treatment is shown in
Fig. 2. The time elapsed during the initial peak of the transient is
appreciably smaller compared to as-received foils, suggesting more
rapid pit nucleation. AFM images during etching are shown in Fig.
7. At 100 ms ~Fig. 7a!, pits of approximately 1 mm width are found,
similar in size to the ridge pits at the same etch times in Fig. 3 and
6. However, on the pretreated foil these pits are located on both
ridges and valleys, and there are no additional very small valley pits
as in Fig. 3b-d. At longer etch times of 1 s ~Fig. 7c!, the pits are
again of comparable size to the ridge pits on the untreated foils at
this time. In the image at 5 s ~Fig. 7d!, the pits are larger than at 1
s, but still separated; there appear to be no very large elongated pits
on ridges as on the as-received foils at 5 s ~Fig. 3d!. Therefore, the
pretreatment apparently gives rise to additional sites for micrometer-
size pits in valleys. The absence of large ridge pits may be explained
by metal dissolution in NaOH. From weight loss measurements on
other annealed 99.99% purity foils, Wu and Hebert found that the
dissolution rate in 1 N NaOH is approximately 200 nm/min.8 A
depth on the order of about 100 nm would then have dissolved after
20 s. This dissolution may remove the surface inhomogeneities on
as-received foils which upon etching produce large elongated ridge
pits. As a result of the different distribution of pit sites, the volume
removed by etching is distributed more evenly on the surface com-
pared to as-received foil. The promotion of dispersed pits is consis-
tent with the purpose of the pretreatment.
Open-circuit dissolution in aqueous sodium hydroxide.—As a
first step toward understanding the surface changes due to the pre-
treatment of T foils, its effects on the surface topography were in-
vestigated. Figures 8a and b show images of T foil before and after
20 s immersion in NaOH. The areas shown are different, but in each
case representative of the entire surface. After immersion ~Fig. 8b!,
there are many particle-like features about 100 nm wide and 50 nm
high on the surface ~henceforth referred to as particles!. The size and
cross-sectional shape of particles are similar to those of the hills in
Fig. 1 and 8a, but their height is appreciably greater. The particles in
Fig. 8b are apparently more numerous than the hills in Fig. 8a, but
since only the larger hills are visible, the number densities may
actually be similar.
Figure 8c and d are images of foil A before and after 20 s NaOH
immersion, and show hills prior to dissolution and particles after
dissolution. Comparing the two foil types, the particle widths on foil
A range from 100-300 nm, significantly greater than those on the T
foil, and the particle number density on foil A is much larger. Ex-
amination of the left side of Fig. 8c reveals that the number of hills
is also enhanced on foil A relative to the T foil. As is the case for T
foil, the width and shape of particles and hills on foil A are similar,
but the particles are higher than hills and seem to be more numer-
ous. Figure 8d further shows that the particles are aligned in rows
parallel to the direction of ridges. Other images for different treat-
ment times, which are not displayed, indicate that for both foil types,
Figure 7. Top view AFM images showing surface topography development
during etching of T foil after NaOH pretreatment. Maximum height contrast:
~a! 1, ~b! 1, ~c! 1, and ~d! 1.2 mm.
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particles begin to appear at about 10 s immersion time, reach a
maximum height and number between 20 s and 1 min, and disappear
after 1 min. Since the time dependence of the particle number den-
sity and height is similar on both foils, the underlying process by
which particles are formed may be the same. However, the particle
width and number density is clearly affected by the initial state of
the foil surface, and may be correlated with the morphology of hills.
Since the particles are the most evident topographic feature after
NaOH dissolution, it is important to explain their appearance on the
surface. Some characteristics of the particles are consistent with
those expected of a precipitated aluminum oxide or hydroxide over-
layer. For example, their morphology is similar to that of the pre-
cipitated boehmite particles produced by reaction of aluminum with
boiling water,25 and such layers have been shown to be present on
the metal surface during dissolution in alkaline baths.26 Many of the
particles are removed mechanically by immersing the NaOH treated
foils in an ultrasound bath ~5 min in acetone followed by 5 min in
ethanol!, indicating that they are fairly loosely attached to the sur-
face. On the other hand, the alignment of particles in Fig. 8d with
the ridge direction shows that the particles are not randomly distrib-
uted, as might be expected for a precipitate layer.
In order to help identify the particles, Auger spectra were mea-
sured on a foil treated in NaOH for 20 s. Foil A was used for this
measurement because the larger particle widths allowed them to be
readily located and analyzed. The Al KLL and O KLL spectral
peaks were measured with the electron beam focused on 100-200
nm wide particles as well as at sites located away from particles.
The spectra at the particle site are characteristic of the particle itself,
since the beam diameter of roughly 20 nm is appreciably smaller
than the particle size. The atomic O-Al ratio RO-Al was calculated
from the spectra at each location, as described in the Experimental
section. Before ion etching, RO-Al is found to be 1.72 on a particle
and 1.76 away from a particle. These ratios are essentially equiva-
lent and are characteristic of an oxide film with a composition close
to Al2O3. However, since the ratio exceeds the value of 1.5 for
anhydrous alumina, it suggests that the film composition may be
Al2O32y /2OHy or Al2O3"xH2O, i.e., the film contains some hydroxyl
species or bound water. Hence, the oxide is thick enough at all sites
so that primarily the oxide itself and not the underlying metal con-
tributes to the spectra. After 5 min ion etching, RO-Al is 1.03 on a
particle ~site 1 in Fig. 9!, and 0.461 and 0.481 at two locations away
from particles ~sites 2 and 3!. With an additional 5 min ion etching,
RO-Al is found to be approximately the same at all three marked
locations in Fig. 9 at 0.33 6 0.04. As discussed in the Experimental
section, the depth of oxide removed in 5 min etching is estimated to
be 5 nm.
All the values of RO-Al after ion etching are smaller than the
minimum ratio of 1.5 for aluminum oxide, indicating that the oxide
is thin enough at each location to include metallic contributions. The
larger oxygen contribution on the particle after 5 min ion etching
indicates that the oxide film on the particle was thicker there prior to
ion etching, but no thicker than 10 nm, the estimated oxide thickness
removed by etching for 10 min. The oxide thickness away from the
particle is then roughly 5 nm, and on the particle closer to 10 nm.
Since the film thickness on the particle in Fig. 9 is much smaller
than its height of at least 50 nm, it is clear that the particle is not
entirely composed of an aluminum oxide-related material, and is
therefore not precipitated aluminum hydroxide. An alternative ex-
planation is that particles are formed at small areas on the as-
received foil on which the initial oxide film thickness is locally
greater than elsewhere. This oxide would partially inhibit dissolu-
tion during NaOH immersion, so that dissolution on the surrounding
surface would give these areas the appearance of particles. Support
for this view is obtained from measurements of particle heights in
AFM images. The average particle height after 20 s dissolution of T
foil is 48 6 3 nm ~90% confidence intervals!. For foil A, the par-
ticle heights after 10 and 20 s are 26 6 1 nm and 41 6 2 nm, re-
spectively. For comparison, the calculated heights at 10 and 20 s are
30 and 70 nm, respectively, assuming that the particle dissolution
rate is zero, while the surrounding surface dissolves at the rate of
200 nm/min determined from the weight loss measurements cited
above.8 Thus the particle heights increase with dissolution time as
would be expected, and are numerically consistent with partial inhi-
bition of dissolution by the thicker oxide film. All this evidence
therefore indicates that the particles on foil A are formed at 100-200
nm wide areas on the as-received foil, where the oxide thickness is
larger than on the surrounding surface. As the particle height in-
creases, metal dissolution on its side surfaces may undercut the par-
ticle, causing its attachment to the surface to weaken. The removal
of particles in the ultrasound bath can be explained on this basis.
Several features of the particles suggest a correspondence to the
hills noted in Fig. 1c and d and 8a and c. It was already pointed out
that the width and cross-sectional shape of the particles in Fig. 8 are
similar to those of hills. Also, the 5 nm thicker oxide on particles, as
estimated from Auger spectra, is comparable to the typical height of
the hills, which ranges from 5-10 nm. Finally, the number density of
particles on the foil used for Fig. 9, as measured with AFM, is
notably greater than that on the T foil, which corresponds to the
larger hill number density compared to the T foil. These observa-
tions indicate that the hills in Fig. 1 and 8a and c are most likely
composed of oxide, and therefore provide the sites of particle for-
mation during NaOH dissolution. In agreement with this view,
Scherer et al. identified similar features as the hills on their foils,
and suggested the possibility that they might be oxide grains or
inclusions.10
In situ AFM images of NaOH treated foils dissolving in
acid.—A series of experiments was carried out in which NaOH
treated T foils were dissolved in acid while under simultaneous
AFM observation. While the open-circuit and room temperature
conditions of these experiments are different than those of etching, it
is shown here that they may reveal phenomena related to the effect
of NaOH treatment on etching. Figure 10 is a sequence of images
showing the same area of a T foil surface during open-circuit im-
mersion in 1 N HCl, after treatment in NaOH for 20 s. The distri-
Figure 8. Top view AFM images showing effect of NaOH treatment on
surface topography. ~a! As-received T foil ~maximum height contrast 94
nm!; ~b! T foil after 20 s immersion in 1 N NaOH ~maximum height contrast
108 nm!; ~c! as-received foil A ~maximum height contrast 174 nm!; ~d! foil
A after 20 s immersion in 1 N NaOH ~maximum height contrast 153 nm!.
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bution and sizes of particles in the image in the first image ~Fig.
10a!, are the same as those observed by imaging in air after NaOH
treatments ~Fig. 8b!. The four sets of arrows show small cavities
about 100 nm wide which formed at sites of particles. At first the
particles hide the cavities, and are later exposed when the particles
disappear either by dissolution or by being dislodged by the AFM
tip. After the cavities first appear, they increase in size with an
apparent growth rate on the order of 1 nm/min, equivalent to a
current density of about 50 mA/cm2. By comparison, the uniform
dissolution rates of aluminum in 1 M solutions of HCl, H2SO4, or
HNO3 are on this same order of magnitude.27 Since at least in the
latter two solutions no pitting occurs, the cavity growth rates in Fig.
10 are representative of dissolution of oxide-covered aluminum sur-
faces at a pH near zero.
In another experiment, as-received T foils were imaged while
they dissolved in 1 N HCl. Small, isolated clusters of pits were
observed to form on the foil surface, one of which is depicted by the
sequence of images in Fig. 11. The streaking in the scan direction
around the pits in Fig. 11c and d probably results from an imaging
instability due to the large topographic step at the pit edge. It may be
seen that the dissolution rate in these pits is at least 100 times larger
compared to that in the cavities in Fig. 10, which as noted above is
typical of oxide-covered aluminum at this pH.27 The distinct and
much smaller dissolution rate of the cavities provides further evi-
dence that they are not actively dissolving, as are the pits in Fig. 11.
One possible explanation for the passivity of the cavity walls is that
they are pits which initiated in HCl, grew rapidly for a brief period
and then passivated. On the other hand, they may have formed ear-
lier, possibly due to the NaOH treatment. Other in situ experiments
for longer times, in which a larger number of cavities initiate, sug-
gest that the formation of cavities at particles is a common rather
than an unusual occurrence.
A second open-circuit dissolution experiment using an NaOH
treated sample was carried out in 1 M H2SO4. As in the HCl experi-
ment, a T foil was first dipped in NaOH for 20 s, and then trans-
ferred to the AFM fluid cell, where it was immersed in the acid. The
AFM images ~Fig. 12! cover a period of 74 min, significantly longer
compared to Fig. 10 and 11. Again, the particle distribution is the
same in the image upon immersion in acid ~Fig. 12a!, and in images
in air following NaOH treatment ~Fig. 8b!. The arrow in Fig. 12
points to the same location in each image. After 34 min in sulfuric
acid ~Fig. 12c!, most of the particles initially present have dissolved,
and three cavities about 100-200 nm in width have appeared near
the arrow. Two of these cavities clearly formed at or near sites of
particles. Also, a number of additional cavities smaller than 100 nm
have appeared at sites not previously occupied by particles. These
small cavities continue to appear until 38 min ~Fig. 12d!. At later
times ~Fig. 12e-f!, all cavities continue to enlarge by dissolution,
and the surface eventually becomes highly roughened on a 100 nm
scale. By following individual cavities through the images, it may be
seen that they all dissolve at rates on the order of 1 nm/min regard-
less of their size, again characteristic of oxide-covered aluminum
surfaces at this pH. Figure 13a and b are ex situ images of untreated
foils after 15 and 30 min immersion in 1 M H2SO4. Since no cavi-
ties are found on these images, those in Fig. 12 are clearly the result
of the prior NaOH dissolution.
Comparison of Fig. 10 and 12 shows that most aspects of topog-
raphy development are very similar in the HCl and H2SO4 solutions,
i.e., their size and location close to particles, and the cavity dissolu-
Figure 9. SEM micrograph of aluminum surface after 20 s NaOH immer-
sion and 5 min Ar ion etch, along with portions of point Auger derivative
spectra showing O KLL and Al KLL transitions. Arrows on the micrograph
indicate locations at which spectra were acquired.
Figure 10. In situ AFM images during immersion of T foil in 1 N HCl,
following 20 s NaOH pretreatment. Maximum height contrast 300 nm.
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tion rate. Since no pitting is expected in sulfuric acid, this corre-
spondence strongly indicates that the cavities are not chloride-
induced pits. Another possibility is that they are pits which formed
by acid dissolution, at defects in the oxide film created specifically
by NaOH immersion. This explanation is not satisfying, though,
since any such defects should also have produced pits in the NaOH
bath itself, and no pits can be clearly seen after the NaOH treatment.
Moreover, positron annihilation measurements were used by Hebert
et al. to show that the same NaOH treatment of foil A causes the
formation of a large number of microvoids within the metal near the
metal-oxide interface.28 It is possible that the cavities are voids
which formed as a result of this treatment, and were then exposed at
the surface by uniform dissolution in the acid bath. In Ref. 28, the
surfaces of NaOH-treated foils were viewed with AFM after strip-
ping the oxide film in a chromic-phosphoric acid solution, in which
there is no measurable weight loss due to metal dissolution. These
images revealed cavities similar in size to those in Fig. 10 and the
larger cavities in Fig. 12. Because little metal dissolution should
have occurred in the stripping bath, this observation further argues
that the cavities are subsurface voids and not dissolution pits.
The subsurface voids may have been produced by a solid-state
process accompanying caustic dissolution. However, if voids are
created during dissolution itself, one would expect that some voids
formed early during the treatment would be exposed at later times in
the NaOH bath. In this case, the lack of cavities in the AFM images
immediately after NaOH treatment is difficult to understand, al-
though there is at least a possibility that some such cavities are
hidden by particles. An alternative possibility is that voids are
formed not during NaOH treatment, but after it. One mechanism for
void formation after the treatment is injection of metal vacancies
during dissolution by oxidation of surface metal atoms, followed at
later times by condensation of these vacancies as voids at or near the
metal-oxide interface. Condensation of thermal vacancies as voids at
the interface after cooling of aluminum from high temperatures was
observed by Doherty and Davis.29,30 Perhaps similar voids can be
produced from vacancies formed by oxidation.
The images in Fig. 12 show that there are two distinct types of
cavities, larger cavities located near particles, which appear before
24 min, and smaller cavities not associated with particles appearing
at about 34-38 min. As argued above, the particles are considered to
be oxide inclusions or hills present on the foils before dissolution.
Following the interpretation of cavities as subsurface voids exposed
by dissolution, the two cavity types would correspond to voids at
different depths. Assuming a dissolution rate of 1 nm/min typical of
1 M acid baths,27 the large cavities may be close to the metal-oxide
interface, while the small cavities would be roughly 30 nm below
the interface. One can speculate that the two kinds of voids may be
Figure 11. In situ AFM images during immersion of as-received T foil in 1
N HCl. Images were cropped from 15 3 15 mm original size. Maximum
height contrast is ~a! 300, ~b! 300, ~c! 400, and ~d! 400 nm.
Figure 12. In situ AFM images during immersion of T foil in sulfuric acid,
following 20 s NaOH treatment. Maximum height contrast 150 nm in all
images, which were cropped from 5 3 5 mm original size.
Figure 13. Ex situ AFM images after immersion of as-received T foil in
sulfuric acid for the indicated times. Maximum height contrast 200 nm.
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formed by vacancy condensation at different kinds of defects: the
small voids at dislocations or impurity clusters in the metal, and the
large voids at or near oxide inclusions.
Another explanation for the two kinds of cavities might be that
only the small cavities are subsurface voids formed by vacancy con-
densation, but these are created during dissolution in the NaOH
bath. On the basis of positron annihilation spectral lineshape mea-
surements, Hebert et al. suggested that the surface of the voids is
clean aluminum free of oxide.28 Thus, when some of these voids are
exposed by caustic dissolution at times after their formation, the
metal along the void surface would begin to corrode rapidly, enlarg-
ing the cavity. This dissolution might continue until precipitated
aluminum hydroxide formed on top of the cavity. This mechanism
would explain why the large voids tend to be hidden by particles and
are closer to the surface than the smaller voids. However, its weak-
nesses are that the particles examined by Auger spectroscopy were
found to be metallic as opposed to oxide, and that very few if any
open cavities are observed immediately after NaOH treatment. For
this reason, the hypothesis that both cavity types are subsurface
voids is considered to be the best explanation for the present results.
As mentioned above, surface dissolution in the etchant bath may
be a precondition for etch pit or tunnel initiation. Such dissolution
would expose the reactive surfaces of buried voids, which would
then corrode rapidly, provided that the local solution composition
and potential favor corrosion vs. repassivation. The possible func-
tion of the voids as pitting sites can then be readily conceived. The
enhancement of the etch pit and tunnel number density by caustic
treatment would be due to the formation of interfacial voids as a
result of this treatment.
Conclusions
Atomic force microscopy ~AFM! was used to investigate the
topographic characteristics of pitting sites during anodic galvano-
static etching of high-purity aluminum foils in hot baths containing
HCl and H2SO4. For as-received foils, shallow surface pits nucleate
at a high rate during the first 150 ms of etching at potentials as much
as 3-4 V higher than the pitting potential. Surface pit sites near
ridges are strongly preferred to a different extent for the two foils
investigated, which were manufactured using different purification
processes and had different impurity contents. Ridge pits tend to be
much larger than those in valleys, and spread laterally over the
surface more rapidly. Pit sites are more evenly distributed on the
surface after pretreatment in NaOH. In all cases etch pits and tunnels
are found only within shallow surface pits, suggesting that surface
dissolution precedes tunnel formation.
In situ AFM experiments show that acid dissolution after NaOH
treatment exposes a large number of submicron cavities formed in
NaOH. Some cavities form near oxide particles or inclusions. It is
argued that the cavities are subsurface voids formed as a result of
NaOH treatment, and then exposed by uniform dissolution of the
foil in acid. These voids may form by condensation of vacancies
generated by the dissolution process. A previous positron annihila-
tion study suggested that the void surface is oxide-free. This would
imply that the void surface is reactive upon exposure by the shallow
surface dissolution shown to occur in the etching bath. Therefore,
the voids may function as etch pit embryos.
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